The ferric uptake regulator (Fur) of the medically important pathogen Helicobacter pylori is unique in that it has been shown to function as a repressor both in the presence of an Fe 2؉ cofactor and in its apo (non-Fe 2؉ -bound) form. However, virtually nothing is known concerning the amino acid residues that are important for Fur functioning. Therefore, mutations in six conserved amino acid residues of H. pylori Fur were constructed and analyzed for their impact on both iron-bound and apo repression. In addition, accumulation of the mutant proteins, protein secondary structure, DNA binding ability, iron binding capacity, and the ability to form higher-order structures were also examined for each mutant protein. While none of the mutated residues completely abrogated the function of Fur, we were able to identify residues that were critical for both iron-bound and apo-Fur repression. One mutation, V64A, did not alter regulation of any target genes. However, each of the five remaining mutations showed an effect on either iron-bound or apo regulation. Of these, H96A, E110A, and E117A mutations altered iron-bound Fur regulation and were all shown to influence iron binding to different extents. Additionally, the H96A mutation was shown to alter Fur oligomerization, and the E110A mutation was shown to impact oligomerization and DNA binding. Conversely, the H134A mutant exhibited changes in apo-Fur regulation that were the result of alterations in DNA binding. Although the E90A mutant exhibited alterations in apo-Fur regulation, this mutation did not affect any of the assessed protein functions. This study is the first for H. pylori to analyze the roles of specific amino acid residues of Fur in function and continues to highlight the complexity of Fur regulation in this organism.
The Gram-negative, microaerophilic bacterium Helicobacter pylori is a successful pathogen that infects over half of the world's population and is well adapted to its chosen niche within the human gastric mucosa (28) . Infection with H. pylori usually occurs in early childhood and can last throughout a lifetime unless one is treated with a specific antibiotic regimen (13) . Despite the chronic nature of colonization, H. pylori infections are largely asymptomatic and cause more serious disease in a small percentage of infected individuals; disease states range from gastritis and peptic ulcer disease to two forms of gastric cancer, gastric adenocarcinoma and mucosaassociated lymphoid tissue lymphoma (13) . Given the sheer number of infected individuals, the chronic nature of infection, and the potential for severe disease outcomes, H. pylori constitutes a large medical burden worldwide.
The success of this organism as a pathogen can be attributed to a myriad of factors that help H. pylori respond and adapt to the changing environment within the stomach. One such factor that plays a critical role in helping H. pylori maintain iron homeostasis is the ferric uptake regulator (Fur) (52) . Iron is a critical nutrient for virtually all forms of life due to its utilization as an enzymatic cofactor and in the electron transport chain. However, a delicate balance must be maintained between having enough iron to support life and having too much iron; excess iron can result in DNA damage and cellular death through Fenton chemistry and the formation of hydroxyl radicals. Thus, it is no surprise that iron homeostasis is crucial for the survival of all organisms that utilize this nutrient.
Fur is a small protein of approximately 150 amino acids with a size ranging from 15 to 17 kDa (17) . Fur functions as a transcriptional regulator for genes involved in iron uptake and storage in numerous bacterial species (17) . Classically, this regulation occurs under conditions of high iron availability, where Fur is bound by its ferrous (Fe 2ϩ ) iron cofactor and is subsequently able to dimerize (5) . Iron-bound Fur dimers then bind to specific regions of DNA, called "Fur boxes," in the promoters of target genes. This in turn occludes the binding site for RNA polymerase (RNAP), thus repressing transcription (5) . Iron-bound Fur regulation occurs in this manner in H. pylori. In addition, in H. pylori, Fur has been found to repress an additional set of genes in the absence of its iron cofactor, in what is termed apo-Fur regulation (9, 26) . Binding at apo-Fur boxes occurs under iron-limited conditions, and again, Fur binding prevents the binding of RNAP. apo-Fur regulation has definitively been shown to occur only in H. pylori, although microarray studies suggest that it may also occur in Campy-lobacter jejuni (35) and Desulfovibrio vulgaris Hildenborough (8) . Compared to what is known about iron-bound Fur regulation, little is currently understood concerning apo-Fur regulation.
In the vast majority of bacteria that utilize Fur, fur expression is autoregulatory; under conditions of abundant iron, ironbound Fur binds to Fur boxes within the fur promoter and represses its own transcription. In this manner, Fur can be thought of as a rheostat that responds to changes in iron availability and adjusts fur expression accordingly (25) . In H. pylori, Fur is autoregulatory, but autoregulation is more complex than the basic scheme presented above. Not only does iron-bound Fur bind to and repress fur transcription, but apoFur has also been shown to bind to the fur promoter and activate fur transcription under low-iron conditions (24, 25) . Thus, there is an intimate interplay between iron-bound Fur and apo-Fur, and both forms of the protein have important roles in properly maintaining expression of this crucial regulatory protein.
While it is not an essential gene (10, 18) , the Fur gene has been shown to be important for colonization in both gerbil (32) and murine (14) models of H. pylori infection. The iron-bound form of Fur represses a large group of genes (22, 32) , including several involved in iron uptake in this organism (FrpB [23, 26, 52] and FeoB [52] ). In addition, genes that are not directly involved in iron homeostasis, like the aliphatic amidase gene amiE, are also regulated by iron-bound Fur (16, 51) . AmiE functions in nitrogen metabolism and helps to combat pHmediated stress in the cell (47) . Currently, there are approximately 16 genes believed to comprise the apo-Fur repression regulon (29) . Two of these have been shown to be repressed directly by apo-Fur through DNase footprinting and/or DNA binding analysis: sodB, H. pylori's only superoxide dismutase gene, and pfr, a nonheme iron-containing ferritin gene, are both repressed by Fur in the absence of iron (9, 15, 16, 26, 30) .
Fur is a well-studied protein, and several mutational analyses performed on Fur proteins from different model organisms have provided functional insight. For instance, mutational analysis of 12 His and 4 Cys residues in Escherichia coli Fur identified four critical residues, H32, H117, C92, and C95, and identified C92 and C95 as metal binding ligands (20) . Nuclear magnetic resonance (NMR) studies identified His33 and His132 as metal binding ligands (45) . Mutagenesis of Vibrio cholerae Fur showed that residues H90 and D113 are important for Fur function (37) . H90 lies in a highly conserved motif (HHDH) that is predicted to be involved in iron binding in E. coli (4, 37, 45) . In Pseudomonas aeruginosa Fur, A10 and H86 are both critical for Fur regulation (7, 34) . P. aeruginosa Fur, like the Fur proteins of E. coli and V. cholerae, also contains the highly conserved HHDH region (P. aeruginosa residues 86 to 89). Mutation of these residues showed that while H86 and D88 are partially dispensable, H87 and H89 are essential for Fur function (41) . However, unlike E. coli Fur, which contains Cys residues that are required for metal binding and function, P. aeruginosa Fur lacks these essential Cys residues (41) . This fact was affirmed when the crystal structure of P. aeruginosa Fur was resolved (44) . The importance of the HHDH region was also confirmed by the crystal structure, as H86 and D88 were shown to be involved in coordinating one of the two metal ions in Fur, and H89 was involved in coordinating the other (44) . The full complement of amino acids that serve as metal binding ligands for H. pylori Fur has not been resolved; however, D98 and H99, within the conserved HHDH region of H. pylori Fur, have been identified as important for Fur autoregulation and DNA binding, suggesting that they may serve as metal binding ligands (24) .
Given how well characterized Fur structure-function relationships are for other organisms, it is surprising that virtually no such analysis has been applied to H. pylori Fur to help identify amino acid residues critical for Fur function. This is particularly surprising given the fact that in this organism, Fur functions as a classical iron-bound repressor and as a unique apo repressor. Herein we present the first structure-function analysis of H. pylori Fur. Six site-specific amino acid mutations in conserved residues of Fur were analyzed for their effects on iron-bound and apo regulation. Moreover, we analyzed the roles of these residues in Fur autoregulation, iron binding, protein stability, and ability to form higher-order structures.
MATERIALS AND METHODS
Bacterial strains and growth. All bacterial strains and plasmids utilized in this study are listed in Table 1 , and all primers are shown in Table 2 . All H. pylori strains were maintained as frozen stocks in brain heart infusion broth (BD) supplemented with 20% glycerol (EMD Chemicals, Inc.) and 10% fetal bovine serum (FBS; Gibco) at Ϫ80°C, and all E. coli strains were maintained as frozen stocks (Ϫ80°C) in LB broth (Mo Bio) supplemented with 40% glycerol. H. pylori strains were grown on horse blood agar (HBA) plates consisting of 4% Columbia agar base (Neogen Corporation), 5% defibrinated horse blood (HemoStat Laboratories, Dixon, CA), 0.2% ␤-cyclodextrin (Sigma), 8 g/ml amphotericin B (Amresco), 2.5 U/ml polymyxin B (Sigma), 5 g/ml cefsulodin (Sigma), 5 g/ml trimethoprim (Sigma), and 10 g/ml vancomycin (Amresco). Liquid cultures of H. pylori were grown at 37°C with shaking at 100 rpm in brucella broth (BB) (Neogen Corporation) that was supplemented with 10% FBS and 10 g/ml vancomycin. Liquid and plate cultures of H. pylori were grown under microaerophilic conditions (10% CO 2 , 5% O 2 , and 85% N 2 ) in gas evacuation jars generated using an Anoxomat gas evacuation and replacement system (Spiral Biotech). E. coli strains were grown either on LB agar plates (Mo Bio) or in LB broth (Mo Bio) liquid cultures. Bacterial cultures were supplemented with the following antibiotics, as noted in Table 1 : ampicillin (Amp) (USB Corporation) at 100 g/ml, kanamycin (Kan) (Gibco) at 25 g/ml, and/or chloramphenicol (Cm) (EMD Chemicals, Inc.) at 8 g/ml for H. pylori and 25 g/ml for E. coli. In addition, where needed, 5% sucrose (Sigma) was added to HBA plates as described elsewhere in Materials and Methods and as noted in Table 1 . Exponential-phase cultures were grown for 20 h. All H. pylori strains used in this study are derivatives of the wild-type (WT) strain G27 (19) .
Creation of site-specific Fur mutations. Residues V64, E90, H96, E110, E117, and H134 were changed to alanine by splicing by overlap extension (SOE) PCR, using the primer pairs listed in Table 2 . Briefly, the FurCF1 (XbaI) and individual mutation-specific SOE R2 primers were used to PCR amplify the region upstream of the WT G27 fur promoter through and including the site-specific mutation. Additionally, the mutation-specific SOE F3 and FurCR (SalI) primers were used to PCR amplify the region from the mutation site to beyond the end of the fur coding sequence. These fragments were gel purified using a QIAquick gel extraction kit (Qiagen), and 150 ng of each purified product was combined in the SOE reaction mix and amplified using the FurCF1 (XbaI) and FurCR (SalI) primers. The resulting PCR products were subsequently cloned into pGEM-T Easy (Promega) and were sequenced with the FurCR (SalI) primer to ensure that the desired mutations were present. These plasmids were named pDSM361, pDSM378, pDSM379, pDSM380, pDSM383, and pDSM385 and carry the V64A, H134A, E90A, E110A, H96A, and E117A fur mutations, respectively. Each of these plasmids was then naturally transformed into H. pylori strain DSM391, in which the entire fur coding sequence is replaced with the counterselectable kan-sacB cassette (15) . Briefly, double-crossover homologous recombination of the site-specific fur mutations resulted in replacement of the kan-sacB cassette with the mutant constructs; therefore, transformants were selected on HBA plates containing 5% sucrose. The Kan sensitivity of each was confirmed by streaking transformants on HBA plates containing 25 g/ml Kan. Proper integration was confirmed by PCR amplification of the constructs with the FurCF1 (XbaI) and FurCR (SalI) primer pair (923-bp fragment), followed by sequencing of this product with the FurCR (SalI) primer. The following strains carry the H134A, E90A, E110A, H96A, E117A, and V64A fur mutations: DSM395, DSM396, DSM397, DSM399, DSM400, and DSM402, respectively.
Determination of growth characteristics of fur mutant strains. Growth curve experiments were performed on WT, ⌬fur, and fur mutant strains. Plate-grown bacteria of each strain were inoculated into 20 ml of liquid culture medium (as described above) and grown for 18 h. These "starter" cultures were then used to inoculate 25-ml cultures of each strain such that the starting optical density at 600 nm (OD 600 ) was 0.05. Growth of the bacteria in the optical density-controlled cultures was monitored starting at the time of inoculation (t 0 ) and every 6 h thereafter during a 30-h growth period. At each time point, a portion of each culture was removed to determine the OD 600 . In addition, a portion of each culture was removed at each time point, serially diluted, and plated on HBA plates to determine the number of CFU per ml of culture. Therefore, changes in growth of the fur mutant strains could be determined by comparing both the OD 600 and CFU/ml to those of the WT at any given time throughout the growth period. Two biologically independent replicates of this experiment were performed.
The ability of the fur mutant strains to grow under acidic conditions was determined as follows. Liquid cultures of the WT, ⌬fur, and fur mutant strains were grown for 18 h. At this point, each culture was serially diluted and plated on clear agar-based plates, as previously described (33) . Each dilution series was plated on normal (pH 7.0) clear agar-based plates and on plates where the agar mixture had been supplemented with HCl to obtain pH 5.3 prior to solidification. After 3 days of growth on the plates, colonies were visualized, and the number of CFU/ml on the acid plates compared to the normal plates was determined for each strain. Two biologically independent replicates of this experiment were performed.
RPAs. RNase protection assays (RPAs) were performed as previously described (15, 16) . Briefly, liquid cultures were inoculated for each strain and grown in BB supplemented with 10% FBS (iron abundant) to exponential phase. One half of each culture was then removed for RNA isolation, and a 200 M concentration of the iron chelator 2,2Ј-dipyridyl was added to the remaining half of each culture to create an iron depletion shock environment (43) . The cultures were maintained for an additional hour prior to RNA isolation as previously described (49) . The integrity of the RNA was confirmed by visualization on agarose gels, and 1.5 g of RNA was used in each RPA, using riboprobes for amiE and pfr. Riboprobes were generated using the primer pairs listed in Table  2 , 50 Ci [ RPA reaction mixtures were generated with an RPA III kit (Applied Biosystems), and the mixtures were resolved on 5% acrylamide-1ϫ Tris-borate-EDTA-8 M urea denaturing gels. Afterwards, gels were exposed to phosphor screens, which were scanned using an FLA-5100 multifunctional scanner (FujiFilm). Data were analyzed/quantitated using Multi-Gauge software (version 3.0; FujiFilm). Four independent biological repeats of each experiment were conducted.
Western blot analysis. Western blot analysis was performed on bacterial cell lysates made from the same liquid cultures (pre-and post-iron chelation shock) used for RNA isolation in the RPA experiments. A total of 1.0 ml of each Fur mutant culture was pelleted and washed twice with 1ϫ phosphate-buffered saline (PBS). Cells were lysed with 200 l of lysis buffer (150 mM NaCl, 50 mM Tris-HCl, pH 8.0, 5 mM EDTA, 1% sodium dodecyl sulfate [SDS], 10% glycerol containing one Complete Mini protease inhibitor cocktail tablet [Roche] per 50 ml lysis buffer). Lysates were centrifuged to remove debris, and the amount of protein in each lysate was quantitated using a BCA protein assay kit (Pierce). Six micrograms of total protein was combined with 5 l of 5ϫ Laemmli sample buffer. Proteins were separated on a 20% SDS-PAGE gel, and a semidry transfer apparatus (OWL; ThermoScientific) was used to transfer the proteins to nitrocellulose membranes. Membranes were probed with a 1:200 dilution of anti-H. pylori Fur polyclonal rabbit sera, followed by a 1:20,000 dilution of horseradish peroxidase (HRP)-conjugated bovine anti-rabbit IgG secondary antibody (Santa Cruz Biotechnology). A Super Signal West Pico chemiluminescent substrate kit (ThermoScientific/Pierce) and a LAS-3000 intelligent dark box with LAS-3000 Lite capture software (FujiFilm) were used to detect the proteins. Quantification and analysis of the Fur bands were performed using Multi-Gauge software (version 3.0; FujiFilm), and three independent biological repeats of the Western blot analysis were performed.
The anti-H. pylori Fur polyclonal rabbit sera were generated at the Pocono Rabbit Farm and Laboratory, Inc. (PRF&L), using the "rabbit quick draw protocol" with a 1-month protocol extension. The rabbits were immunized with purified H. pylori Fur and PRF&L's immune stimulator on days 0, 7, 14, and 35. Terminal bleeds were performed on day 56, and these sera were utilized in these studies.
Creation of mutant Fur expression strains and protein purification. Each of the mutant fur coding sequences was amplified from its respective pGEM-T Easy clone by using the FurMt_expression_F (NdeI) and FurMt_expression_R (XhoI) primer pair ( Table 2 ). The FurMt_expression_R (XhoI) primer contains an additional stop codon to ensure that translation is terminated appropriately in the expression system ( Table 2 ). The promoterless fur coding sequence PCR products were subsequently cloned into the pGEM-T Easy vector, generating plasmids pDSM655 to pDSM660 for the H134A, E90A, E110A, H96A, E117A, and V64A mutations, respectively. Constructs were confirmed by EcoRI (Invitrogen) restriction digestion and by sequencing. Confirmed constructs were double digested with NdeI and XhoI (New England Biolabs), and the purified 453-bp mutant fur fragment was ligated into the appropriately digested and purified pET21A (2) expression vector (pDSM327) such that isopropyl-␤-Dthiogalactopyranoside (IPTG) could be used to induce expression of each protein. These plasmids were named pDSM678 to pDSM683 and contain the V64A, E90A, H96A, E110A, E117A, and H134A Fur mutations, respectively. Each Fur mutant expression plasmid was next transformed into DSM365 (15) , which is a ⌬fur E. coli BL21(DE3) Rosetta/pLysS expression strain, and transformants were selected on plates containing Amp, Kan, and Cm. These transformations resulted in the creation of strains DSM686 to DSM691, containing the pDSM678 to pDSM683 plasmids, respectively. The expression plasmids were again confirmed in this strain background by sequencing with both the HPFurMt_expres-sion_F (NdeI) and HPFurMt_expression_R (XhoI) primers. Proteins generated from the fur mutant constructs are referred to as "mutant proteins" throughout this work. Purification of the Fur mutants, along with WT Fur from the previously characterized expression strain DSM431 (15), was performed exactly as described previously (15) . The peak fractions for each protein were combined and stored with an equal volume of protein storage buffer (buffer C plus 50% glycerol) at Ϫ20°C. Protein concentrations were determined using a Pierce BCA protein assay kit. In addition, for two portions of each protein, Amicon ultracentrifugal filter devices (Millipore) were used to remove the protein storage buffer and replace it with either apo binding buffer with 50% glycerol or MnCl 2 binding buffer with 50% glycerol for later use in electrophoretic mobility shift assays (EMSAs).
CD studies. Circular dichroism (CD) spectra of WT and mutant Fur proteins were collected on a Jasco-810 spectropolarimeter. Spectra were acquired in a 5-mm-path-length cell at room temperature from 200 to 250 nm, with a scan rate of 50 nm/min, and the spectra shown are averages for five accumulations. Samples contained 90 g/ml protein in 25 mM sodium phosphate, 100 mM NaCl, and 25% glycerol, pH 8.0. Estimates of secondary structure were determined with CDPro, using a 29-protein reference set (48) . Thermal denaturation studies also were performed, using 90 g/ml protein in a 5-mm-path-length cell. Unfolding was monitored at 222 nm from 5 to 100°C.
EMSAs. A 105-bp fragment of the amiE promoter that contained the predicted Fur box (51), a 233-bp fragment of the pfr promoter that contained the 3 predicted Fur boxes (26) , and a 142-bp fragment of the rpoB promoter (15) that contained no predicted Fur box were PCR amplified from WT G27 genomic DNA by use of the primer pairs listed in Table 2 . Each fragment was purified using Performa DTR gel filtration cartridges (Edge Bio), with a 1.5-min elution at 4,000 rpm, and 150 ng of each promoter fragment was then end labeled with 32 P and cleaned as previously described (15, 32) . Fifty microliters of MnCl 2 binding buffer (MnCl 2 -BB) was added to the amiE and rpoB products, and 50 l of apo binding buffer (apo-BB) was added to the pfr and rpoB products.
amiE EMSAs were performed under iron substitution conditions achieved through the use of MnCl 2 . These experiments were conducted in a manner analogous to that for previously described sodB EMSAs (15) , with the following changes: 2ϫ MnCl 2 -BB (20% glycerol, 30 mM Tris, pH 8.0, 120 mM KCl, 16 mM dithiothreitol [DTT], 480 g/ml bovine serum albumin [BSA], 1 mM MnCl 2 , 0.03 mg/ml sheared salmon sperm DNA) (32) was utilized in place of 2ϫ apo-BB, Fur concentrations were 0.04 g/ml, 0.02 g/ml, and 0.01 g/ml, 500 ng of unlabeled amiE DNA was used in the competition reaction mixtures, the 5% polyacrylamide gels were composed of 5% 19:1 acrylamide, 1ϫ Tris-glycine (TG) buffer, 2.5% glycerol, and 0.133 mM MnCl 2 , and the gels were run in 1ϫ TG buffer. Binding reactions were conducted using 1 ng of labeled promoter with each of the Fur mutant proteins as well as WT Fur, and rpoB reactions were conducted under the same conditions to serve as the negative control. Samples were electrophoresed at 70 V for 2 h, gels were exposed to phosphor screens, and screens were scanned and analyzed as described above for the RPA experiments.
pfr EMSAs were performed under iron-free (apo) conditions as previously described for sodB (15, 30) . The rpoB promoter was used as a negative control, since Fur does not regulate expression of this gene. Ten microliters of 2ϫ apo-BB (24% glycerol, 40 mM Tris, pH 8.0, 150 mM KCl, 2 mM DTT, 600 g/ml BSA, 200 M EDTA, and 0.1 mg/ml sheared salmon sperm DNA) was combined with 1 ng of labeled promoter (either pfr or rpoB promoter) and Fur at the following concentrations: 0.5 g/ml, 0.1 g/ml, and 0.02 g/ml. Additionally, a no-protein control reaction was performed, along with a 100-ng cold (unlabeled) DNA competition. Reaction mixtures were incubated for 30 min at 37°C and separated on a 5% polyacrylamide gel composed of 5% 19:1 acrylamide, 1ϫ Tris-glycine-EDTA (TGE) buffer, and 2.5% glycerol. The samples were electrophoresed in 1ϫ TGE buffer at 70 V for 3 h, the gels were exposed to phosphor screens, and the screens were scanned and analyzed as described above for the RPA experiments. Iron binding studies. The ability of purified WT Fur and the E90A, H96A, E110A, E117A, and H134A mutant Fur proteins to bind iron was determined by graphite furnace atomic absorption spectrophotometry following equilibrium dialysis. Briefly, 1 ml of each protein (0.7 to 2.5 M) was dialyzed for at least 24 h at 4°C in a polyethylene-sealed Erlenmeyer flask against 1 liter of anoxic buffer that contained 50 mM ultrapure sodium chloride (Sigma), 10 mM ultrapure sodium formate (Sigma), pH 7.5, Oxyrase (OB00-50), and increasing concentrations (0 to 12.5 M) of ultrapure FeCl 2 ⅐ 4H 2 O (Alfa Aesar). Oxyrase is a commercial blend of membrane enzymes used to scavenge oxygen from the medium. To ensure proper anaerobiosis, this buffer was left at room temperature for at least 2 h before beginning dialysis at 4°C. The efficiency of this treatment was assessed after dialysis by checking the oxygen concentration with a Clarketype oxygen electrode (31) , and no oxygen was detected in any of the dialysis baths. The pH of the dialysis buffer was checked before and after dialysis and was found to be 6.9 Ϯ 0.1. In addition, the absence of protein contamination (by Oxyrase) in dialysis bags was verified by dialyzing a bag containing no Fur protein against the Oxyrase-containing buffer and determining the protein concentration in the bag; the protein concentration was negligible. The iron concentrations in the dialysis bag (protein-bound plus free Fe 2ϩ ) and in the dialysis buffer (free Fe 2ϩ ) were measured by atomic absorption, using a Shimadzu AA-6701F spectrophotometer, and the concentration of protein-bound iron was estimated by subtracting the latter value from the former value. The number of iron molecules bound per monomer was then determined by dividing the concentration of protein-bound iron by the concentration of the protein alone, as determined by use of a BCA protein assay kit (Pierce Thermo Fisher) prior to the dialysis bath. All samples were diluted (in 0.1% HNO 3 ) to be in the range of the standard curve (0 to 0.4 M Fe) generated using an atomic absorption-grade standard Fe solution (Sigma). Measurements were repeated for each sample until three replicates gave a coefficient of variation (CV) of Յ12%. Results shown are means and standard deviations for 3 to 6 measurements.
Cross-linking studies. To determine the ability of the Fur mutant proteins to form higher-order structures, in vitro cross-linking assays were performed, similar to those previously described (24) . Two micrograms of each individual protein was combined with 10 l of 1ϫ PBS and 2 l of 25 mM disuccinimidyl suberate (DSS) (Sigma) and allowed to incubate for 1 h at room temperature. In addition, no-DSS control reaction mixtures were set up as described above, without the cross-linking reagent and each protein. After incubation, 5 l of 5ϫ Laemmli sample buffer was added to each reaction mix, and the samples were boiled for 5 min at 95°C. Samples were separated in SDS-PAGE gels, and Western blot analysis of the cross-linking reactions was performed as described above. For those Fur mutant proteins that showed a defect in the ability to form higherorder structures, cross-linking reactions were also performed using 1ϫ PBS containing 1 mM, 2 mM, or 4 mM MnCl 2 to see if the addition of excess Mn 2ϩ (as an iron substitute) could restore the phenotype to that of the WT. In these cases, 2 g of each protein was incubated with the respective MnCl 2 solution for 2 h at room temperature prior to the addition of DSS and analysis.
Protein modeling. H. pylori Fur was modeled after the P. aeruginosa structure submitted to the NCBI protein database under code 1MZB (44), using PyMOL (http://www.pymol.org/).
Statistical analysis. Statistical analysis of the RPA data was performed using Microsoft Excel 2007. Student's t tests were used to determine the significance of the fold increase in amiE expression and the fold decrease in pfr expression upon iron chelation. The significance of the changes in the relative basal level of expression and the relative level of expression after iron chelation was determined by calculating the t statistic and its subsequent P value for the ⌬fur and fur mutant strains. All fold change data were analyzed on the log 10 scale and transformed to the original scale for presentation. Data were considered statistically significant if the fold change differed 2-fold or more from the WT and had a P value of Յ0.05.
RESULTS
Comparison of conserved Fur residues and selection of mutant targets. Given the fact that Fur has been well studied in E. coli, P. aeruginosa, and V. cholerae (4, 7, 20, 34, 37, 41, 44, 45) and due to the fact that the crystal structure for P. aeruginosa Fur (44) was available when this study was initiated, we performed an amino acid alignment (38) of H. pylori Fur and Fur proteins from these model organisms (Fig. 1A) . Compared to the E. coli, P. aeruginosa, and V. cholerae proteins, H. pylori Fur shares 34%, 28%, and 32% identity and 56%, 59%, and 55% similarity, respectively (11) . Based on this alignment, there are 30 amino acid residues that are completely conserved among all four species. Nine of the conserved amino acid residues were found to be important for Fur functioning in at least one of the other organisms and/or were predicted metal binding residues based on the P. aeruginosa crystal structure. Of those nine, the following residues were selected for mutation: V64, E90, H96, E110, E117, and H134.
Comparison of growth characteristics of fur mutant strains. To determine whether alteration of any of the conserved amino acid residues affected the growth of H. pylori, we monitored the growth of strains that carried either a WT copy of Fur, a ⌬fur mutation, or a mutation in one of the indicated Fur residues. As shown in Fig. 1B , all of the fur mutant strains exhibited similar changes in optical density over time compared to the WT. Additionally, the CFU/ml, as determined by plating on HBA plates, showed no appreciable differences between the WT and the fur mutant strains (data not shown). These data suggest that under the tested conditions, the introduced changes in fur have no overall impact on the in vitro fitness of the bacteria and that any phenotypic changes in Fur regulation are not the result of growth defects of the fur mutant strains.
Previous studies have shown that fur mutant strains of H. pylori are sensitive to low pH: fur mutants are not killed by acidic pH but show dramatically decreased growth kinetics (12) . Given this observation, we wondered whether changes in any of the conserved Fur residues would result in an inability to grow at acidic pH. To assess this phenotype, we monitored colony formation of the WT and ⌬fur strains and each of our fur mutant strains on neutral and acidified medium, as described in Materials and Methods. As shown in Fig. 1C , the ⌬fur strain showed a dramatic difference in the sizes of colonies formed on low-pH versus neutral-pH plates. Conversely, each of the fur mutant strains formed colonies that showed a similar size to that of WT colonies at both pHs. These data suggest that no individual mutation of any one of the conserved residues results in a ⌬fur phenotype.
Analysis of iron-bound and apo regulation. To determine whether alteration of the conserved amino acid residues affected the ability of H. pylori Fur to exhibit proper iron-bound regulation, we monitored Fur-dependent expression of the iron-repressed gene amiE (16, 51) in H. pylori strains that carried either a WT copy of Fur or one of the Fur mutants. amiE expression was monitored in iron-replete medium and compared to that in cells that had been exposed to iron starvation by an iron chelation shock. The fold change in expression was then calculated by comparing the amount of transcript present after iron chelation to that under iron-replete conditions. Four biological repeats were conducted for the WT and each mutant strain, and the geometric mean fold change for the replicates for each strain (WT and mutant) is displayed as a bar, with error bars that indicate 1 standard deviation above and below the mean (Fig. 2) . As shown in Fig. 2A and B, iron chelation resulted in increased expression of amiE (6.4-fold), and this change in expression was completely lost in the ⌬fur Given that the ⌬fur mutant displayed an increased basal level of expression of amiE compared to that in the WT in the presence of iron ( Fig. 2A and C) , we reasoned that site-specific mutations that truly affect iron-dependent regulation of Fur should show a similar phenotype. Therefore, the fold difference for the basal level of expression was calculated by dividing the amount of protected RNA fragment at t 0 (normal, ironreplete conditions) for each fur mutant strain by the amount of protected fragment at t 0 for the WT strain. As shown in Fig.  2C , the E110A, H96A, and E117A mutants, along with the ⌬fur strain, displayed statistically significant (P Յ 0.03) increases in basal amiE expression (2.9-, 3.2-, 3.0-, and 7.1-fold, respectively). However, the V64A, E90A, and H134A mutants pylori was compared to those of E. coli, V. cholerae, and P. aeruginosa Fur proteins by using ClustalW2 (38) . Stars indicate completely conserved residues, while periods and colons represent conserved substitutions and semiconserved substitutions, respectively. Open circles, solid circles, and squares represent amino acid residues that have been shown to be important for Fur functioning in E. coli, P. aeruginosa, and V. cholerae, respectively. Triangles represent metal binding residues in the P. aeruginosa Fur crystal structure. Solid semicircles indicate site-specific amino acid mutations constructed in H. pylori. (B) Growth characteristics of WT, ⌬fur, and fur mutant strains. The OD 600 was monitored over time for each strain. (C) Ability of WT, ⌬fur, and fur mutant strains to form colonies on neutral-pH and low-pH media.
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exhibited basal levels of expression akin to that of the WT (1.6-, 1.5-, and 1.9-fold, respectively). Finally, we assessed the maximum level of expression displayed for each strain after iron chelation in comparison to that of the WT. Similar to the calculation described above, the fold difference in the relative levels after iron chelation was calculated by dividing the amount of protected RNA fragment at t 60 (1 h post-iron chelation) for each fur mutant strain by the amount of protected fragment at t 60 for the WT. As shown in Fig. 2D , all strains displayed similar levels of amiE expression postchelation, with the exception of the ⌬fur strain, which expressed less amiE than the WT did (0.5-fold; P Յ 0.003). Taken together, these data indicate that the E110, E117, and H96 residues are important for iron-bound Fur regulation and suggest that these residues are involved in DNA binding, iron binding, and/or the ability of Fur to form higher-order structures. We next examined the expression of pfr, which is repressed by apo-Fur (26) , to determine if changes in any of the conserved amino acid residues affected the ability of H. pylori Fur to exhibit proper apo regulation. pfr expression was monitored under iron-replete conditions and compared to that in cells that had been exposed to iron starvation through chelation. As with the amiE RPA analysis, the fold change in pfr expression was calculated by comparing the level of expression after iron chelation shock to the level of expression under iron-replete conditions. As shown in Fig. 3A and B, iron chelation resulted in decreased expression of pfr (7.1-fold), and this decrease was lost in the ⌬fur mutant (1.1-fold; P Յ 0.001). Each of the Fur mutants exhibited a decrease in pfr expression similar to that in the WT (5.0-, 3.7-, 8.2-, 7.9-, 7.3-, and 4.9-fold for the V64A, E90A, H96A, E110A, E117A, and H134A mutants, respectively).
Because there was no change in the basal level of pfr expression in the presence of iron and the absence of fur (Fig. 3A and  C) , and since none of the mutants showed altered pfr regulation (Fig. 3B) , we reasoned that the basal level of pfr expression in each of the mutant strains should be similar to that in the WT. However, only one of the mutants, the V64A mutant, showed expression levels identical to those of the WT (1.1-fold). The H96A, E110A, and E117A mutants exhibited slight decreases in basal pfr expression (0.4-, 0.4-, and 0.6-fold, respectively), though these differences were statistically significant (P Յ 0.02) only for the H96A and E110A mutants. Conversely, as shown in Fig. 3C , the E90A and H134A mutants displayed drastic decreases in the basal level of pfr (0.1-fold each; P Յ 0.003). Next, we analyzed pfr expression in each strain after iron chelation shock. As shown in Fig. 3D , in the absence of fur, pfr expression was 6.5-fold higher than that in the WT (P Յ 0.01). The V64A strain expressed pfr at levels similar to those in the WT (1.8-fold), while the mutants which had minor alterations in basal pfr expression (H96A, E110A, and E117A) also displayed minor alterations in expression in the absence of iron (0.4-, 0.3-, and 0.6-fold, respectively), though once again, only the E110A and H96A mutants showed statistically significant differences (P Յ 0.01). However, the E90A and H134A mutants, which showed drastic reductions in basal pfr expression, also showed drastic reductions in pfr expression compared to that in the WT after iron chelation (0.1-fold; P Յ 0.004). Taken together, these data suggest that while H96A, E110A, and E117A mutations have a moderate affect on apo regulation, of the examined amino acid residues, E90 and H134 appear to be most important for apo-Fur repression. Additionally, alteration of these amino acids results in a hyperrepressed phenotype in the presence and absence of iron, implying that these residues are important in DNA binding, iron binding, and/or the formation of higher-order structures. En masse, these data indicate that the six mutations that we made to the protein sequence can be divided into the following classes: (i) those with no effect (V64A), (ii) those that affect iron-bound Fur regulation (H96A, E110A, and E117A), and (iii) those that dramatically affect apo-Fur regulation (E90A and H134A).
Protein accumulation and structure. Since changes in the accumulation or stability of the mutant Fur proteins could significantly affect regulation and resulting transcriptional changes in the target genes investigated above, we next analyzed protein accumulation of each of the six mutant proteins by Western blotting. This analysis revealed that each of the mutant Fur proteins was expressed and that there were no significant differences in the levels of any of the species in either exponential-or stationary-phase cells compared to those of the WT (Fig. 4A and data not shown) .
Next, to ensure that the observed transcriptional changes were not due to gross changes in the relative structures of the Fur mutant proteins, we conducted CD studies on purified WT Fur and each of the five mutant proteins showing a transcriptional phenotype. The spectra of all of the proteins showed an ordered secondary structure (Fig. 4B) . The similarities between the spectra suggest that the proteins are composed of the same overall secondary structural features. Further analysis of the secondary structure by CDPro (48) showed that each of the Fur proteins contains, on average, 81.0% Ϯ 0.3% helixes, 5.3% Ϯ 0.1% turns, and 14.6% Ϯ 0.1% unordered regions, which is in agreement with previous structural data on Fur proteins in other bacterial species (44) (45) (46) . Thermal denaturation experiments spanning 5 to 95°C for the mutant proteins resulted in profiles that were virtually indistinguishable from that of the WT protein (Fig. 4C and data not shown) . The profiles showed a single unfolding transition. Taken together, these data suggest that the observed alterations in iron-bound and apo-Fur regulation are not due to changes in Fur expression levels or to gross structural changes. DNA binding studies. Given that no gross changes in protein accumulation or structure were identified, we next reasoned that changes in Fur regulation could be due to (i) effects on DNA binding, (ii) effects on iron binding, and/or (iii) effects on the ability of Fur to form dimers or other higher-order structures. We therefore sequentially checked each of these possibilities. To determine if any of the amino acid changes affected DNA binding, EMSAs were performed on the purified E90A, H96A, E110A, E117A, and H134A mutant Fur proteins as well as on WT H. pylori Fur. First, to test iron-dependent binding, EMSAs were performed using the amiE Fur box region and each of the Fur mutant proteins. As shown in Fig. 5 , WT Fur bound to the amiE fragment and altered the migration of the DNA even at the lowest concentration of Fur used. Furthermore, as the amount of Fur increased, the amount of unbound amiE DNA decreased. This interaction was specific, as unlabeled amiE was able to compete for binding to Fur and "chase" the migration of the labeled fragment back to the location of the no-protein control. Additionally, no shift in the migration of the control rpoB promoter fragment was observed under these conditions for any of the Fur proteins. Three of the five mutant proteins, the E90A, H96A, and E117A mutants, bound to the amiE DNA in a manner similar to that of the WT, while two, the E110A and H134A mutants, did not (Fig. 5) . The E110A mutant exhibited a decreased ability to bind to the amiE promoter, as evidenced by the increased amount of unbound DNA present at each of the protein concentrations. In contrast, the H134A mutant bound to the amiE promoter better than WT Fur did; the percentage of unbound amiE was considerably less at each protein concentration for the H134A mutant than for the WT. Collectively, these data suggest that the E110 and H134 amino acid residues are important for Fur binding to target iron-bound promoter DNA, while E90, H96, and E117 are not crucial for this aspect of Fur function.
To test if any of the amino acid mutations affected apodependent binding, EMSAs were performed using the Fur box region of pfr. apo conditions were achieved through the addition of EDTA to chelate available iron from the system (15) . As shown in Fig. 6 , WT Fur bound to the pfr fragment and slowed its migration even at the lowest concentration of protein used. As the amount of Fur increased, pfr was shifted in a stepwise manner; one step for each of the three predicted Fur boxes (26) was evident. Competition with unlabeled pfr eliminated the upper two migrating bands and resulted in a shift in migration similar to that seen with the lowest concentration of Fur. The E90A, H96A, and E117A mutants all interacted with pfr in a manner similar to that of the WT, while the E110A and H134A mutants exhibited alterations in pfr binding (Fig. 6) . As seen in the iron-bound Fur EMSAs, the E110A mutant bound pfr less well than the WT did, as indicated by the increased amount of unbound pfr at each concentration of protein. Also, similar to what was seen with the iron-bound interaction with amiE, the H134A mutant bound to the pfr promoter better than the WT did, as shown by the presence of less unbound pfr at the lowest two concentrations of protein. In addition, the H134A mutant also now bound the rpoB negative control. Binding to this control was not seen with any of the other Fur proteins. In fact, the H134A mutant was also able to bind to a portion of the flaA coding sequence, which was previously used as a negative control (32) (data not shown). These data suggest that the H134A mutation leads to indiscriminant DNA binding. In all, these EMSA data suggest that the E110 and H134 residues are important for iron-bound and apo-Fur DNA binding, although it should be noted that the H134A mutation resulted in a loss of specificity; the H134 mutant Fur protein was able to bind rpoB under apo-conditions. The remaining residues, E90, H96, and E117, are not critical for the DNA binding capability of Fur. Iron binding studies. The second aspect of Fur functioning that we examined for each of the Fur mutant proteins was the ability of each to bind iron. To determine the impact of the individual site-specific mutations on the ability to bind iron, atomic absorption spectroscopy was performed on purified WT H. pylori Fur as well as on purified E90A, H96A, E110A, E117A, and H134A proteins that had been dialyzed in increasing concentrations of iron under anoxic conditions. As shown in Fig. 7 , at the highest concentration of iron (12.5 M), WT Fur bound approximately 2 or 3 molecules of Fe 2ϩ per monomer. Two of the five mutant Fur proteins, the E90A and H134A mutants, bound iron in a manner analogous to that of the WT. Although the E117A mutant bound iron less well than the WT did, at the highest concentration of iron (12.5 M) the E117A mutant bound only slightly less iron: 2 to 2.5 molecules per monomer were bound, compared to the 2 to 3 molecules per monomer for the WT. The H96A and E110A mutants both bound iron less well than the WT did: 1 to 1.5 total molecules of Fe 2ϩ were bound at the highest concentration of iron examined. Taken together, these data suggest that the E90 and H134 residues are not essential for the ability of Fur to bind to iron. Conversely, the E117A mutation plays a minor role in iron binding ability, and the H96 and E110 residues are critical for this aspect of Fur function.
Formation of higher-order structures. Classic Fur regulation involves the formation of dimers and other higher-order FIG. 5 . Analysis of iron-dependent DNA binding to the amiE promoter. EMSAs were performed using purified WT or Fur mutant proteins (as indicated above each set) and an end-labeled amiE PCR fragment that encompasses the Fur box region. A labeled rpoB promoter fragment was used as the negative control for each protein. Decreasing concentrations of protein (0.04 g/ml, 0.02 g/ml, and 0.01 g/ml) are indicated by black triangles, the no-protein control reactions are indicated by "0," and the cold (unlabeled) competition reactions are indicated by "CC." EMSAs shown are representative of 2 to 4 experimental repeats, each performed with a newly labeled amiE fragment. The percentage of unbound labeled amiE fragment is indicated below each reaction lane and is the median for the replicates.
FIG. 6. Analysis of apo-dependent DNA binding to the pfr promoter. EMSAs were performed using purified WT and Fur mutant proteins (as indicated above each set) and an end-labeled pfr PCR fragment that encompasses the three Fur boxes predicted for this promoter. A labeled rpoB promoter fragment was used as the negative control for each protein. Decreasing concentrations of protein (0.5 g/ml, 0.1 g/ml, and 0.02 g/ml) are indicated by black triangles, the no-protein control reactions are indicated by "0," and the cold (unlabeled) competition reactions are indicated by "CC." EMSAs shown are representative of 2 or 3 experimental repeats, each performed with newly labeled pfr and rpoB fragments. The percentage of unbound labeled pfr fragment is indicated below each reaction lane and is the median for the replicates.
structures (1, 6, 44, 46) ; therefore, we next analyzed the ability of WT and mutant Fur proteins to oligomerize. For this purpose, in vitro cross-linking studies were conducted with the cross-linking reagent DSS. In the absence of DSS, the majority of the WT Fur protein was found in the monomeric form (approximately 17 kDa), but a few stable dimers were also visible (Fig. 8) . However, when the cross-linking reagent was added, the amount of monomeric protein was significantly reduced and the dimeric and tetrameric forms of the protein predominated. Additionally, octameric and larger multimeric forms became visible (Fig. 8) . The ability of Fur to form these higher-order structures is in agreement with previous demonstrations of multimerization of WT H. pylori Fur (24) . The E90A, E117A, and H134A Fur mutants all formed higherorder structures in a manner similar to that of the WT (Fig. 8) . Conversely, the H96A Fur mutant showed fewer dimers in the absence of DSS and no structures larger than dimers even in the presence of DSS (Fig. 8) . Additionally, the E110A mutant showed a modest defect in the in vitro cross-linking reactions; there were fewer dimers present in the absence of DSS and fewer dimers and tetramers present with DSS than in the WT control (Fig. 8) . Furthermore, the octameric and multimeric forms were not clearly visible for this mutant. Taken together, these in vitro cross-linking reactions suggest that the H96 and E110 amino acid residues are important for the formation of higher-order structures. 
DISCUSSION
Fur regulation in H. pylori is unique compared to that in other organisms in that Fur not only functions as a transcriptional repressor in the presence of its Fe 2ϩ cofactor but also has been shown to function as a repressor in its iron-free, apo form. As yet, apo-Fur regulation has been characterized exclusively for H. pylori and thus makes the study of Fur in this organism of particular interest. Fur amino acid sequences are highly conserved among bacteria (11, 27) , and multiple broadly conserved residues have been shown to be important for Fur function across diverse species. The bulk of this knowledge was garnered through mutagenesis studies and has been supported further by resolution of the P. aeruginosa and V. cholerae Fur crystal structures (44, 46) . From these combined studies, it has been shown that the Fur monomer contains two domains: the N-terminal DNA binding domain and the C-terminal dimerization domain (21) (Fig. 9) . Within the C-terminal domain, there are two metal binding sites. The first, called site 1, is considered to be the regulatory site that mediates the necessary conformational change that allows Fur to bind to DNA, and the second, called site 2, is considered to be the structural site that is necessary for dimerization of the two monomers (44) . This naming scheme is based on the P. aeruginosa crystal structure (44) . Among Fur proteins, the structural site has been found to bind either Fe 2ϩ or Zn 2ϩ , depending on the species studied, while Fe 2ϩ is always bound at the regulatory site (40) . Given that there is currently no H. pylori Fur crystal structure available, we took a genetic approach to determine which aspects of the structure/function of H. pylori Fur may facilitate the unique aspects of Fur regulation in this pathogen.
In the studies described here, six amino acid mutations were constructed at broadly conserved residues (V64A, E90A, H96A, E110A, E117A, and H134A), which, as described below, have been shown to be important for Fur function in other species. A model of H. pylori Fur with the location of each of these residues indicated is shown in Fig. 9 . While none of the mutations affected the overall growth of the strains carrying them, of the six mutations that were constructed, one (V64A) did not alter either iron-bound or apo-Fur regulation, two (E90A and H134A) altered apo-Fur regulation, and three (H96A, E110A, and E117A) altered iron-bound regulation ( Fig. 2 and 3) . Although the H96A, E110A, and E117A mutations did have a slight effect on apo-Fur regulation of pfr (Fig.  3) , we have not classified them as altering both types of Fur regulation because their impact on apo-Fur repression was not as significant as that of the E90A and H134A mutants. This could be because the structure of apo-Fur is different from that of iron-bound Fur, and the E90 and H134 residues are more prominent in the apo form than are the other residues studied here. Given the importance of Fur in H. pylori, perhaps it is not surprising that none of the constructed mutants displayed a ⌬fur phenotype in terms of transcriptional regulation ( Fig. 2  and 3 ) or growth at low pH (Fig. 1C) . This fact, as suggested in a recent review of the Fur family of metalloregulators (40) , supports the notion that Fur is a robust protein that has evolved the capacity to maintain regulatory function even in the midst of some mutations.
Of the mutations that showed a regulatory phenotype, the H96A mutation was shown to result in decreased iron binding and oligomerization abilities, the E110A mutation resulted in decreased iron binding, DNA binding, and oligomerization abilities, the E117A mutation resulted in a slight iron binding deficiency, the H134A mutation resulted in increased DNA binding, and the E90A mutation did not noticeably affect any of the specific mechanisms of Fur function that we tested. A summary of these results is shown in Table 3 . Also of note, fur autoregulation remained unchanged in the presence of each mutant Fur protein (data not shown). This is likely the result of the combination of iron-bound Fur repression and apo-Fur activation that is required for the complex autoregulation of fur expression, which may have evolved to help maintain a constant level of fur expression within the cell (25) .
Given that V64 is predicted to lie in the DNA binding domain of Fur and since mutation of the same residue in V. cholerae Fur does alter Fur regulation (37) , the lack of a regulatory phenotype for the V64A mutation ( Fig. 2 and 3 ) was somewhat surprising. The fact that V64 appears not to be required in H. pylori could indicate that despite the overall conservation between the proteins, the structures of the Fur proteins from these two organisms may differ within this region. This suggestion is perhaps supported by the alignment of Fur protein sequences (Fig. 1A) . The first 10 residues in H. pylori Fur do not align with any of the other Fur sequences used for direct comparison in this study, but similar N-terminal extensions are found in Helicobacter hepaticus, Helicobacter acinonychis, Helicobacter cinaedi, Helicobacter bilis, Helicobacter canadensis, Helicobacter pullorum, Helicobacter winghamensis, Wolinella succinogenes, and C. jejuni Fur sequences (data not shown), and these organisms, like H. pylori, are also members of the epsilonproteobacteria. The presence of this N-terminal extension only in these related species could indicate that the structure of Fur, or at least the DNA binding region, differs among this class of bacteria as a result of an evolutionary phenomenon. It is also interesting that analysis of the N-terminal DNA binding domain of H. pylori Fur (approximately the first 60 amino acids) shows that in comparison to the same region of P. aeruginosa, H. pylori Fur is much more basic (M. Vasil, personal communication). This likely changes the way that H. pylori Fur and its closely related Fur proteins interact with target DNA. Perhaps there is a role for this region in apo-Fur regulation, as C. jejuni is also predicted to utilize Fur in this manner (35) . Given that there is currently no consensus binding sequence for either iron-bound Fur or apo-Fur in H. pylori (17) , it will be of significant interest for future studies to attempt to define how H. pylori Fur interacts with DNA.
H96 lies in the highly conserved HHDH region that has long been predicted to be important for metal binding (4, 37, 45) . Indeed, resolution of the P. aeruginosa Fur crystal structure (44) showed that H96 was involved in metal binding. Mutation of this residue in H. pylori resulted in decreased iron binding (Fig. 7) , suggesting that it plays a similar role in H. pylori.
Additionally, we found that the H96A mutant Fur protein exhibited a decreased ability to form higher-order structures (Fig. 8) . Given its defect in iron binding, we wondered whether the cross-linking deficiency could be compensated for by the addition of excess Mn 2ϩ to the buffers (to mimic increased Fe 2ϩ substitution). Thus, cross-linking studies using buffers containing increasing amounts of MnCl 2 showed that the addition of extra metal was able to restore WT levels of higherorder structure formation to the H96A mutant protein (data not shown). This indicates that as with other organisms (45), the decreased ability to bind iron impacts the ability of H. pylori Fur to form higher-order structures.
As mentioned above, the E110 residue is important for Fur regulation in V. cholerae (37) and is one of the predicted metal binding sites in P. aeruginosa Fur (44) . Therefore, it is not surprising that iron binding was altered in the H. pylori E110A mutant Fur protein (Fig. 7) , and this likely accounts for its slight dimerization defect (Fig. 8) . Additionally, in H. pylori, this residue was important for proper binding to target DNA (Fig. 5 ) and for proper regulation of amiE in vivo (Fig. 2) . In light of these roles, the observed alterations in amiE regulation seen in strains carrying this mutation make sense; if the E110A mutant Fur protein cannot bind iron and dimerize as well as the WT and this results in a diminished ability to bind to DNA, then we would expect to see increased basal levels of amiE expression and diminished changes in expression upon iron chelation (Fig. 2) . What is perhaps more intriguing about this particular mutation is that the E110A protein also bound to the pfr Fur box region with a weaker affinity than that of the WT under apo EMSA conditions (Fig. 6) . However, in vivo, the regulation of pfr was not affected by the slightly decreased affinity (Fig. 3) . The overall change in DNA binding to pfr was less significant than that for the amiE promoter. In general, the affinity of apo-Fur for apo-regulated promoters is significantly lower than that of iron-bound Fur for the amiE promoter (30, 51) ; based on the decreased affinity for apo-regulated genes, significantly less Fur was required for use in the iron-bound EMSAs than was needed for the apo EMSAs. Given the decreased affinity of Fur for apo-regulated genes (30), it may not be surprising that the E110A mutation did not affect apo-Fur regulation (Fig. 3) , as a slight further decrease in DNA binding ability may not have a noticeable impact on regulation. Conversely, a decrease in DNA binding to the high-affinity amiE promoter (51) would readily be observed.
Based on the P. aeruginosa crystal structure, residues E90, E117, and H134A were also predicted to be important for iron binding. However, mutation of these residues in H. pylori Fur altered iron binding only slightly for the E117A mutant protein and not at all for the E90A and H134A mutant proteins. Because the E117A mutation only minimally impacted iron binding, it makes sense that amiE regulation in the strain carrying this mutation was only slightly altered in the presence of this mutation. On the other hand, the H134A mutant Fur protein exhibited an increased affinity for DNA in both its iron-bound and apo forms, which we would not have predicted based on our understanding of this residue's role in P. aeruginosa Fur. This suggests that in H. pylori, the H134 residue is involved in more than just iron binding. Perhaps alteration of this residue changes the tertiary structure of Fur such that the DNA binding domain is in a conformation that is more readily a WT, levels similar to those of the WT; ϾWT, levels greater than those of the WT; ϽWT, levels lower than those of the WT; and ՅWT, levels lower than or equal to those of the WT.
b Defined as in vivo effect on amiE (Fig. 2) . c Defined as in vivo effect on pfr (Fig. 3) .
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able to interact with DNA and thus "locks" Fur in its DNA binding conformation. In contrast to the other residues, mutation of E90 did not interfere with any of the tested aspects of Fur function, despite the fact that the strain carrying the E90A mutation showed an alteration of apo-Fur regulation of pfr. While this was unexpected, this finding perhaps suggests that alteration of this residue may result in slight modifications to Fur that our analyses were not sensitive enough to observe. Alternatively, the E90A mutation may impact some aspect of Fur function that we did not examine or for which the results differ due to differences in in vivo versus in vitro assays. Considering the overall locations of all of the constructed H. pylori fur mutations in this study, as shown in Fig. 9 , one (V64A) lies within the DNA binding domain, while the others (E90A, H96A, E110A, E117A, and H134A) lie within one of the two metal binding sites suggested by the P. aeruginosa crystal structure (44) . The H96A, E117A, and H134A mutations are located in regulatory site 1, and the E90A and E110A mutations are located in structural site 2. However, as discussed in a recent review by Lee and Helmann, the roles of sites 1 and 2 may not be as simple or specific as those described for P. aeruginosa Fur (40) . Adding to this, the analysis of the crystal structure of V. cholerae Fur (46) and model-based binding free energy calculations (1) indicate that the roles of these sites may in fact be reversed; this would mean that site 1 is really the structural site and site 2 is the regulatory site.
The analysis of our H. pylori Fur mutants adds more evidence to the complex and perhaps interdependent roles of the two metal binding sites. Of the mutated residues that lie in site 1, only the H134A mutation was found to actually impact the DNA binding ability of the H. pylori protein; the H96A mutation affected the ability of the protein to bind iron and to form higher-order structures, which are roles typically associated with structural site 2 residues. In addition, the E110A mutation altered the DNA binding ability of Fur but lies in the structural site (site 2), which is thought to be important for dimerization. Taking these data together, if the metal binding sites from P. aeruginosa are preserved in H. pylori Fur, it is apparent that the distinctions in functioning of sites 1 and 2 are blurred and that they likely work in a more coordinated manner.
It is also interesting that based on the data presented here, it does not appear that all of the predicted metal binding residues within sites 1 and 2 have an equal impact on Fur function. For instance, E90 and E110 both lie in site 2, yet mutation of the E110 residue impacted DNA binding, iron binding, and oligomerization, while mutation of E90 did not affect any of these aspects of Fur function. Also, the in vivo data suggest that E110 is important for iron-bound Fur regulation, while E90 is important for apo-Fur regulation. Likewise, in site 1, mutation of E117 produced only minimal changes in iron binding, while mutations of H96 and H134 resulted in pronounced changes in iron binding and oligomerization and in DNA binding, respectively. In addition, mutation of one residue in each site altered apo-Fur regulation of pfr in vivo-H134 in site 1 and E90 in site 2. Similarly, the residues that impacted iron-bound Fur regulation of amiE in vivo were split between the two sites, with H96 and E117 in site 1 and E110 in site 2. These data suggest that the metal binding residues do not have equal functional roles and that both metal binding site 1 and site 2 are important for iron-bound and apo-Fur regulation.
Furthermore, adding to the apparent complexity of the Fur structure-function relationship is the recent report that the structural site in H. pylori Fur is coordinated by a Zn 2ϩ molecule (53) , as are those of P. aeruginosa (44) and E. coli (3, 36) . The Zn 2ϩ molecule in H. pylori is coordinated by two CXXC motifs, consisting of amino acid residues C102, C105, C142, and C145, and has no resemblance to the structural Zn 2ϩ site (site 2) of P. aeruginosa Fur (53), which lacks cysteines. This finding makes H. pylori Fur more like that of E. coli, where two C residues are implicated in metal binding (20) , and like PerR of Bacillus subtilis (a metalloprotein within the Fur family), which coordinates a structural Zn 2ϩ molecule through four C residues (39, 50, 53) . Perhaps the ability of Fur to bind not only iron but also zinc at one or both of the metal binding sites provides a means of facilitating or adapting the regulation of target genes, as metal availability changes may slightly alter the dimerization or DNA binding abilities of the protein. Alternatively, it is possible that H. pylori Fur contains three metal binding sites, similar to FurB of Mycobacterium tuberculosis, a zinc uptake regulator (42) . Additionally, Pohl et al. suggested that the CX 4 C motif found in E. coli Fur could represent a third metal binding site because the residues involved in metal binding in P. aeruginosa Fur are all conserved in E. coli Fur and the CX 4 C motif is absent in P. aeruginosa Fur (44) . Interestingly, M. tuberculosis FurB coordinates one of its metal ions through two CXXC motifs (42) . Clearly, future mutational studies on H. pylori Fur should be directed at understanding the overall role of these two C residues.
Taken together, these data continue to highlight the uniqueness of H. pylori Fur, not only in terms of its regulation but also in terms of what is necessary for Fur to function. The use of Fur as a repressor in its apo form has not been characterized for other bacterial species, yet it is well documented for this organism (15, 16, 26, 30) . The N-terminal extension in H. pylori Fur that is not seen in any of the model organisms in which Fur has been well characterized likely alters the interaction of H. pylori Fur with the target DNA and contributes to its unique regulatory capabilities. The residues predicted to be involved in metal binding appear to impact multiple aspects of Fur function for both iron-bound and apo-Fur regulation. Clearly, in the absence of a crystal structure, studies like that of Vitale et al. (53) and the one presented here will continue to be essential for gaining insight into how Fur functions as well as into the amino acid residues important for proper regulation in this medically important pathogen.
